W
nt proteins regulate various aspects of neuronal connectivity, from axon guidance to dendritic development and synapse formation (1) . At central synapses, Wnts act as retrograde signals that regulate terminal axon remodeling and presynaptic differentiation (2, 3) . At peripheral synapses, a role for Wnt signaling was first identified in invertebrate systems. In Drosophila, the Wnt homologue Wingless (Wg) positively regulates the correct assembly of presynaptic active zones and clustering of post-synaptic components (4) . In contrast, the Caenorhabditis elegans Wnt homologue lin44 inhibits the formation of synapses at specific areas along the axon (5) . Therefore, in invertebrates, Wnt factors can promote or inhibit the formation of peripheral synapses. However, a role for Wnt signaling at vertebrate peripheral synapses is less understood.
At the vertebrate cholinergic neuromuscular junction (NMJ), agrin, a heparan sulfate proteoglycan secreted by motoneurons (6, 7) , induces post-synaptic differentiation by aggregating acetylcholine receptors (AChR) and other proteins at the post-synaptic membrane (8) (9) (10) . This effect is mediated through sequential activation of Rho GTPases; agrin induces a rapid and transient activation of Rac1 that is necessary for the initial phase of AChR micro-cluster formation, whereas the subsequent RhoA activation is crucial for the coalescence of the micro-clusters into full-sized AChR clusters (11, 12) . Although initial evidence suggested that agrin was crucial for initiation of post-synaptic development (6, 7) , agrin also plays a later maintenance role (13, 14) . These various functions of agrin at different developmental stages might be achieved through other factors that influence agrin activity.
Here we report that Wnt3, which is expressed by motoneurons at the time when they invade muscle regions in the limb (3) , induces the clustering of AChRs during early stages of NMJ assembly in chick wing muscles. Conversely, exposure to the Wnt antagonist Sfrp1 dramatically reduces the number of AChR aggregates in the chick limb, suggesting that endogenous Wnts are required for AChR clustering during neuromuscular innervation. Importantly, diaphragms from mice lacking Dishevelled-1 (Dvl1), a scaffold protein required in all Wnt pathways (15) (Fig. 1A) , exhibit abnormal AChR cluster distribution, indicating a requirement for Wnt signaling in post-synaptic differentiation at the mouse NMJ. In myotubes, Wnt3 induces a rapid activation of Rac1 and the accumulation of AChR micro-clusters, which are converted into fullsized clusters in the presence of agrin. Our findings demonstrate a function for Wnts as modulators of post-synaptic differentiation at vertebrate peripheral synapses by collaborating with agrin.
Results

Wnt Signaling Deficiency Affects NMJ Differentiation in the Mouse
Diaphragm. To examine the role of Wnt signaling at vertebrate peripheral synapses, we analyzed the Dvl1 mutant mouse, which exhibits a subtle behavioral phenotype (16) as well as defects in dendrite development and in central synaptogenesis (17, 18) . To determine possible defects in NMJ formation, we analyzed the diaphragm. No significant differences were found in the number or distribution of AChR clusters at E14.5 (data not shown), when early NMJ differentiation begins independently of nerve-derived factors (13) . At E18.5, quantification ( Fig. 1 ) reveals a statistically significant (P Ͻ 0.0001) change in cluster distribution in the Dvl1 mutant compared with WT mice, manifested by an increase in the average endplate band width ( Fig. 1 B-D) . However, no changes in the size of synaptic boutons were observed [supporting information (SI) Fig. S1 ]. These findings suggest that Wnt-Dvl signaling is required for the proper distribution of AChR clusters at the vertebrate NMJ.
Wnt3 Enhances the Clustering of AChRs in the Chick Wing.
To analyze the role of Wnt signaling in NMJ formation in more detail, we examined AChR aggregation in the chick fore-wing, where muscle differentiation commences at Hamburger and Hamilton stage (HH) 25. We first characterized the appearance of AChR clusters during early wing development. By HH26, nerves have not yet reached the most distal region of the outgrowing wing (19) (data not shown), but they localize in close proximity to the earliest formed muscle fibers in each small muscle mass (Fig. S2) . AChRs aggregate into very small puncta on the surface of nascent muscle fibers, which we refer to here as micro-clusters. By HH27/28, many more muscle fibers with AChR micro-clusters have formed in each muscle mass, but bigger and brighter AChR aggregates appear soon after (Fig. S2) . Although nerves are found close to muscles, neural processes are not yet detected within the muscle mass. Thus, AChR cluster formation in the chick forelimb muscles follows nerve arrival at the muscle field, but precedes invasion. Our data in the wing confirm the events previously reported in the chick hind-limb (20) .
The expression of Wnt3 by motoneurons at the time when they arrive at the muscle field raised the possibility of Wnt3 involvement in NMJ formation (3) . To address the role of Wnt proteins during vertebrate NMJ formation, we implanted pellets of cells expressing Wnt3 into embryonic chick wings before the appearance of AChR clusters. Control experiments showed that transfected QT6 cells retain their ability to secrete recombinant proteins throughout the period of implantation (Fig. S3A) . Cells expressing Wnt3, or control red fluorescent protein (RFP), were implanted into the wing (Fig.  S3B ) after formation of dorsal and ventral muscle masses at stage HH24/25, and were analyzed at stage HH27/28 when a significant number of AChR clusters have formed (Fig. S2 ). Implanted cells expressed Wnt3 and Sfrp1 proteins within the limb (Fig. S3B) . As Wnts have previously been implicated in muscle differentiation (21-23), we first examined whether the relatively late Wnt3 exposure affects wing muscle development. The shape and size of the muscle masses in implanted wings were not different from control contralateral wings (Fig. 2 A and B) , demonstrating that muscle development or growth is not affected by cell implantation in any of the experimental conditions used.
Quantification of AChR clusters near the implantation site on dorsal and ventral muscle masses of the wing showed that control RFP-expressing cells do not alter the number of AChR aggregates compared with the non-implanted contralateral wing ( Fig. 2 C and  D) . In contrast, Wnt3-expressing cells induce a 70% increase in the number of AChR clusters ( Fig. 2 C and D) . To address whether endogenous Wnt activity regulates AChR clustering in vivo, we examined the effect of the secreted Wnt inhibitor Sfrp1 (24) . Sfrp1 halves the number of AChR clusters formed on wing muscle compared with contralateral wings or those implanted with control RFP-expressing cells ( Fig. 2 C and D) . Together with the studies in the mouse diaphragm, these results provide strong evidence for an in vivo role of Wnt signaling at the vertebrate NMJ.
Wnt3 Enhances the Clustering Activity of Agrin on Myotubes. To address the mechanism by which Wnts regulate AChR clustering, we analyzed whether Wnt3 directly affects the clustering of AChRs in myotubes. As observed in vivo, no differences in myotube morphology or size are apparent following treatment with Wnt3 alone or in combination with agrin ( Fig. 3 A and C) . When myotubes were exposed overnight to Wnt3, no differences in the number of clusters were observed compared with controls ( Fig. 3  A and B) . We then examined whether Wnt3 could affect the ability of agrin to induce clustering. Addition of agrin causes a dramatic increase in the number of AChR clusters. Interestingly, when agrin and Wnt3 were applied together, a significant increase in the number and size of AChR clusters was observed compared with agrin alone (Fig. 3 A, B, and D) . Consistently, analysis of the distribution of cluster sizes showed that Wnt3 decreases the percentage of small clusters (4.5-10 m 2 ) with a concomitant increase in the proportion of large clusters in the presence of agrin (Ͼ50 Fig. 3E ). Interestingly, Wnt1, Wnt3a, and Wnt5a do not enhance agrin-mediated clustering (Fig. S4) . Together, these findings indicate that, although Wnt3 alone is unable to induce AChR clustering, it can enhance agrin activity.
Wnts Expressed by Myotubes Do Not Influence AChR Clustering In
Vitro. As various Wnts are expressed in muscle tissue (22, 25, 26) and inhibition of endogenous Wnt-like activity in vivo reduces post-synaptic differentiation at the NMJ (Fig. 2D) , we tested whether Wnts secreted by muscle cells might contribute to agrinmediated AChR clustering. We used the secreted Wnt antagonist Sfrp1 (24), which blocks both canonical and non-canonical Wnt signaling, and Dickkopf-1 (Dkk1), which specifically blocks canonical signaling through its interaction with the LRP5/6 co-receptor (27) . Neither Sfrp1 nor Dkk1 significantly affect the number of endogenous or agrin-induced AChR clusters in cultured myotubes (Fig. 4A) . These results suggest that Wnts expressed by myotubes do not significantly contribute to the clustering activity of agrin.
Wnt3 Activates a Non-Canonical Pathway to Cluster AChRs. To analyze the mechanism by which Wnt3 enhances AChR clustering, we examined the role of the canonical Wnt pathway. We found that Dkk1 has no significant effect on the clustering activity of Wnt3 (Fig. 4 A and B) . In contrast, Sfrp1, reduces the number of clusters induced by Wnt3 and agrin by Ϸ50%, down to the levels induced by agrin alone (Fig. 4B) . We then examined the contribution of Gsk3␤, a serine/threonine kinase that is inhibited by Wnts specifically in the canonical pathway (reviewed in ref. 28 ). BIO, a specific Gsk3 inhibitor (29-31), does not enhance the clustering activity of agrin (Fig. 4 C and D) . On the contrary, inhibition of Gsk3 reduces the level of clustering to control levels in both conditions, agrintreated and agrin and Wnt3-treated myotubes (Fig. 4D) . Thus, inhibition of Gsk3 partially blocks the clustering activity of agrin, which is consistent with the finding that lithium, a Gsk3 inhibitor, reduces agrin-induced AChR aggregation (32) . Taken together, our results indicate that the canonical pathway is not involved in Wnt3-mediated AChR clustering.
One of the non-canonical Wnt signaling pathways activates the small GTPases Rac1 and RhoA (18, (33) (34) (35) . Importantly, Rac1 and RhoA have previously been shown to be essential for agrin-induced clustering of AChRs (11, 12) . We therefore analyzed the activity of endogenous RhoA, Rac1, and Cdc42. Agrin rapidly increases RhoA activity (twofold increase in 15 min; Fig. 5A ), whereas Wnt3 alone induces a subtle increase (1.5 fold; Fig. 5A ). Inhibition of the RhoA/ROCK pathway with the ROCK inhibitor Y27632 (36) does not affect the basal number of AChR clusters (Fig. S5) , but reduces the number of AChR clusters in the presence of agrin alone or agrin and Wnt3 together by 29% and 38%, respectively (Fig. S5) . However, in the presence of the inhibitor, Wnt3 can still enhance the clustering activity of agrin, suggesting that ROCK is not required for Wnt3-mediated activity.
We next examined whether Wnt3 affects Rac1 activity. Within 15 min, Wnt3 activates Rac1 (eightfold) to a much greater extent than agrin (fourfold; Fig. 5B ). Both Wnt3 and agrin can also activate Cdc42 but to a lesser degree (data not shown). Thus, Wnt3 on its own can activate Rac1, which is implicated in AChR clustering, and yet Wnt3 is unable to induce AChR clustering without agrin.
Wnt3 Induces the Formation of AChR Micro-clusters. The activation of small Rho GTPases within 15 min of Wnt exposure prompted us to examine the effects of Wnt3 and agrin on cluster formation over shorter periods of time. We found that Wnt3, agrin, or Wnt3 and agrin together do not significantly affect cluster formation at 15 or 30 min (Fig. 5 C and D) . In contrast, a 1-hour exposure to agrin alone or Wnt3 plus agrin significantly induces cluster formation, as observed after overnight treatment (Fig. 5 C and D) . Thus, Wnt3, in combination with agrin, induces clustering after 1 h, whereas alone it is unable to induce full-sized AChR clusters.
A distinct role for Rac1 and RhoA in AChR clustering has been postulated. Rac1 activation leads to the formation of AChR microclusters (12) , whereas RhoA activation is required for further aggregation of micro-clusters into typical large AChR clusters (11) . Therefore, we tested whether Wnt3 could regulate the formation of micro-clusters, defined as clusters with an area Ͻ4.5 m 2 (12) . Wnt3 alone induces a 124% increase in the formation of AChR micro-clusters after 15 min compared with controls ( Fig. 5 C and  E) . During this period, agrin alone or in combination with Wnt3 increases the number of micro-clusters equally well, which consolidate into large clusters after 1 h (Fig. 5 C, D, and E) . However, after 1 h of Wnt3 treatment, the number of micro-clusters exceeds those induced by agrin by twofold (Fig. 5 C and E) . Interestingly, treatment with both agrin and Wnt3 induces fewer micro-clusters than agrin or Wnt3 alone (Fig. 5 C and E; *** , P Ͻ 0.001), with a concomitant increase in the appearance of large clusters (Fig. 5 C  and D) . At 16 h, few micro-clusters are present in any condition (Fig. 5E) , whereas the number of large clusters is higher in the presence of agrin or agrin and Wnt3 (Fig. 3 A and B) . These results strongly suggest that Wnt3 can induce microcluster formation, which become full-sized clusters only in the presence of agrin.
To determine the function of Rac1 in Wnt3-mediated microcluster formation, myotubes were transfected with dominantnegative (DN) Rac1 and micro-cluster formation was analyzed after 1 h of Wnt3 treatment, the time at which the response is maximal. Consistent with a crucial role for Rac1 in the initiation of AChR clustering, DN-Rac1 effectively blocks the formation of microclusters induced by Wnt3 (Fig. 5 F and G) .
These experiments suggest that Wnt3-induced micro-clusters are unstable but may contribute to the enhanced agrin activity observed. To test this notion, myotubes were exposed to Wnt3, which was then removed before the addition of agrin. Preexposure to Wnt3 for 1 h significantly increases the number of large clusters compared with agrin alone, and the effect is similar when myotubes are treated with both Wnt3 and agrin (Fig. 6 A and B) . In contrast, long-term preexposure (9 h) to Wnt3 does not enhance agrin activity (Fig. 6 A and B) . These results strongly suggest that Wnt3 enhances agrin activity through the rapid and transient formation of AChR micro-clusters that can be aggregated and stabilized into larger clusters by agrin.
Discussion
Here we provide evidence that Wnt signaling plays a positive role in post-synaptic differentiation at the vertebrate NMJ. Gain-and loss-of-function studies demonstrate that Wnt signaling is required in vivo for the proper clustering of AChRs, a hallmark of post-synaptic differentiation at the NMJ. In cultured myotubes, Wnt3 alone induces the formation of AChR micro-clusters through Rac1 activation, which fail to aggregate into large clusters. In the presence of agrin, however, Wnt3 promotes the formation of large clusters, thus enhancing agrin activity. We propose that Wnt factors collaborate with agrin by increasing the number of micro-clusters, which are subsequently converted into large AChR clusters by agrin.
Implantation of cells expressing Wnt3 in the chick wing increases the formation of AChR clusters in myofibers at the time when motoneuron axons reach the muscle field. In contrast, blockade of endogenous Wnts by implantation of Sfrp1-expressing cells results in a significant decrease in AChR clusters. This effect occurs in the absence of any significant change in muscle fiber differentiation or in the size of muscle masses, suggesting a direct effect of Wnt in the formation of AChR clusters in vivo. Although the endogenous source of Wnt is currently unknown, Wnt3 is a candidate as it is expressed in motoneurons at the time of limb muscle innervation (3). However, Wnt3 is expressed in only a subset of motoneurons, the LMC (3), suggesting that other Wnts together with Wnt3 might regulate post-synaptic differentiation at the vertebrate NMJ.
Recent studies have provided in vitro evidence suggesting that downstream effectors of the Wnt pathway participate in AChR clustering at the vertebrate NMJ. Dvl forms a ternary complex with the agrin receptor MuSK and its downstream kinase PAK1 (37) , whereas APC, a protein involved in the canonical Wnt pathway, interacts with AChRs in an agrin-dependent fashion (38) . Importantly, disruption of Dvl/MuSK or APC/AChR interaction strongly impairs agrin-dependent AChR clustering on the surface of muscle cells (37, 38) . However, no evidence for their role in vivo has been presented to our knowledge. Here we show that diaphragms from Dvl1-null mutants exhibit a more dispersed distribution of AChR clusters. A stronger but similar phenotype has been observed in mutants that affect NMJ development including the agrin, HB9, ChAT, and cdk5 mutants (13, (39) (40) (41) . Like agrin mutants, Dvl1 mutants exhibit a more detectable phenotype at E18 than at earlier stages (41) . The mild Dvl1 phenotype could be caused by a possible compensation by the other Dvl genes, such as Dvl2 and Dvl3, which are broadly expressed. These results, together with our implantation experiments, demonstrate that Wnt-Dvl signaling plays a role in AChR clustering at the NMJ in both birds and mammals.
In the diaphragm, it has been shown that AChR micro-clusters aggregate into large clusters in an agrin-dependent manner (42) , but the mechanism of this conversion is not well understood. Here, we show that Wnt3 collaborates with agrin by inducing the formation of AChR micro-clusters. In cultured myotubes, Wnt3 alone induces the formation of micro-clusters within 15 min, with a greater effect at 1 h. However, these micro-clusters do not persist, as they disappear by 16 h. In contrast, agrin alone induces the formation of micro-clusters, which subsequently aggregate to form large clusters. Short-term, but not long-term, pretreatment with Wnt3 enhances the activity of agrin to form large clusters. These results strongly suggest that Wnt3 induces the formation of unstable micro-clusters that are converted into large clusters only in the presence of agrin.
How does Wnt3 enhance agrin activity? Although Wnt3 can activate canonical signaling (3, (43) (44) (45) (46) , in myotubes, Wnt3 regulates AChR clustering through a pathway that requires Rac1. Activation of Rac1 and RhoA correlates with the formation of micro-clusters and full-sized clusters, respectively (11, 12, 47) . Compared with agrin, Wnt3 activates Rac1 more strongly than RhoA, and it induces the formation of only unstable AChR micro-clusters. Importantly, Wnt3 requires Rac1 to induce micro-clusters, as DN Rac1 blocks Wnt3 function. Agrin, in contrast, induces Rac1 less well than Wnt3, but still significantly, and also promotes microcluster formation. Agrin, however, activates Rho more highly than Wnt3, correlating with agrin's ability to aggregate micro-clusters into large clusters. Our data are consistent with a model proposed by Sanes and colleagues whereby agrin could stabilize AChR micro-clusters, which function as nucleating centres for the subsequent formation of large clusters (14) (Fig. 6C) . Indeed, micro-clusters form at early stages of muscle innervation (42) . Taken together, our findings demonstrate a role for Wnts at the vertebrate NMJ through a mechanism that involves agrin and the formation of micro-clusters through a Rac1-mediated pathway.
A recent study shows that Wnt3a, which activates the ␤-catenin signaling pathway, induces the dispersal of AChR clusters in the presence of agrin (26) . Together with our findings, these results suggest that a balance between pro-assembly and pro-disassembly Wnts may contribute to the correct apposition between the nerve terminal and post-synaptic AChR clusters.
Materials and Methods
Manipulation of Chick Wing Buds. For implantation assays, quail-derived QT6 cells were transiently transfected with RFP, Wnt3-HA, or Sfrp1-myc cDNAs using Lipofectamine (Invitrogen). Sixteen hours later, cells were trypsinized, pelleted, and embedded in collagen gels (Cellagen; ICN) before implantation into Rhode Island Red chicken embryo right wing buds at stage HH24/25 as previously described (48) and analyzed at stage HH27/28. Embryos were staged according to Hamburger and Hamilton (see SI Materials and Methods). Serial cryo-sections were examined for changes in muscle myosin accumulation and AChR clustering using fluorescent ␣-bungarotoxin (␣-BTX, Molecular Probes), as well as with antibodies against the neural marker SNAP-25 (Synaptic Systems) to detect the nerve track and anti-HA (Roche Molecular Biochemicals) or anti-Myc (Sigma) antibodies to follow the implanted cells.
Analysis of Embryonic Mouse Diaphragms. Diaphragms were dissected from E14.5 or E18.5 WT or Dvl1 Ϫ/Ϫ embryos, and processed as previously described (49) with some modifications. See SI Materials and Methods for full information.
Myotube Culture and Staining. C2C12 cells were grown on glass coverslips in DMEM/F12 medium containing 20% FCS, 2 mM L-glutamine, and penicillin/ streptomycin for 2 days. Myoblast differentiation was triggered by addition of DMEM/F12 medium containing 2% horse serum. After 3 days, myotubes were treated with control EGFP or Wnt3-HA conditioned medium obtained from transfected QT6 cells with or without 200 pM neural agrin (R&D Systems) for the indicated times at 37°C. AChR clusters were stained with Alexa488-conjugated ␣-BTX (1 g/ml) for 1 h at 37°C. Cells were subsequently washed and fixed in 4% paraformaldehyde for 10 min at 4°C and cold methanol for 5 min and mounted in Fluoromount G. When recombinant Wnt proteins were used (Wnt3a and Wnt5a from R&D Systems), they were applied at a final concentration of 20 ng/ml. For inhibition studies, recombinant Dkk1 or Sfrp1 (R&D Systems) were applied to cultures overnight at final concentrations of 20 ng/ml and 2.5 g/ml, respectively. BIO (6-bromoindirubin-3Ј-oxime; Calbiochem) was added to cultures at a final concentration of 1 M overnight at 37°C. The ROCK inhibitor Y27632 (Calbiochem) was used at a concentration of 100 M for 2 hours before addition of Wnt3 or agrin.
